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Aberration of morphogen signaling leads directly to inappropriate cell differentiation and secondarily causes various pathological
phenotypes such as abnormal morphogenesis and tumorigenesis. However, mechanisms for linking morphogen signaling and the higher order
phenotypes have not been fully elucidated. Here we focus on the Drosophila T-box gene optomotor-blind (omb), a transcriptional target of a
long-range morphogen Decapentaplegic (Dpp). Genetic analyses of omb function revealed that a negative feedback loop, where omb plays a
crucial role, exists between Dpp and its upstream regulator Hedgehog (Hh), a short-range morphogen. Consequently, dysfunction of omb
elicits hyperactivation of Hh signaling that causes an ectopic folding and local overgrowth in the wing columnar epithelium, neither of which
are the direct results of reduced Dpp response. In the case of the local overgrowth, it was never seen in mutants for thick veins (tkv) encoding
a Dpp receptor, suggesting that the Dpp signaling pathway is divided into two antagonistic branches, one of which contains Omb. Thus defect
in feedback between the two morphogens explains both phenotypes, and disruption of a balance between the morphogen targets further
accounts for the local overgrowth. These are the mechanisms for generating secondary phenotypes when a single signaling factor Omb fails to
function.
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Diffusible morphogenetic signalings by the three extracel-
lular protein families Bone Morphogenetic Proteins (BMP),
Wnt and Hh, function in the development of a broad range of
metazoans. Although they provide positional information to
cells for appropriate differentiation, they also regulate various
cellular processes such as cell proliferation, cell motility, planar
cell polarity, and apoptosis (Abrams, 2002; Adachi-Yamada and
O'Connor, 2004; Beachy et al., 2004; Berman et al., 2003;
Fanto and McNeill, 2004; Marques, 2005; Noselli and Agnes,⁎ Corresponding author. Department of Biology, Graduate School of Science,
Kobe University, Kobe 657-8501, Japan. Fax: +81 78 803 7743.
E-mail address: yamadach@kobe-u.ac.jp (T. Adachi-Yamada).
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.05.0071999; Rogulja and Irvine, 2005; Taipale and Beachy, 2001).
Therefore, ectopic or reduced activity of these signals results in
a variety of pathological phenotypes, as well as leading to
differentiation to abnormal cell types. Furthermore, combina-
tion of defects in each cellular process should bring higher order
phenotypes in tissue and organ morphogenesis, although they
have not been examined in detail.
Dpp in Drosophila is an extracellular ligand belonging to
the BMP group of Transforming Growth Factor (TGF)-β
superfamily, and acts as a morphogen during the development
of various imaginal tissues. In the wing imaginal disc of the
third instar larva, dpp is expressed in a belt with a diameter
of approximately 10-cells just anterior to the anteroposterior
(A/P) compartment boundary through induction by Hh sig-
naling (Fig. 2A). Secreted Dpp has been considered to diffuse
69M. Umemori et al. / Developmental Biology 308 (2007) 68–81from its source to cells away from the A/P boundary, creating
a concentration-gradient that provides varying strength of Dpp
signal and in turn positional information. Accordingly, this
gradient defines the extent of areas expressing various target
genes such as omb, spalt (sal) and vestigial (vg) (Kim et al.,
1996; Lecuit et al., 1996; Nellen et al., 1996) (Figs. 1A–C).
Omb is an evolutionarily conserved transcription factor of the
T-box family (Grimm and Pflugfelder, 1996). It is one of the
target genes in the Dpp signaling pathway in the wing and leg
discs, and in the Wingless (Wg, a Drosophila Wnt family
member) signaling pathway in the eye imaginal disc (Zecca et
al., 1996).
The wing disc from mutants for omb, which is thought to
show reduced response to the Dpp signal, manifests a variety of
phenotypes such as apoptosis, ectopic folding and local over-
growth of the columnar epithelium (Adachi-Yamada et al., 1999;
del Alamo Rodriguez et al., 2004). The apoptosis phenotype in
the omb mutant has been well characterized, and is known to be
completely dependent on c-Jun N-terminal kinase (JNK), aFig. 1. Expression of Omb and Dpp signaling markers in ombbi. Anterior is to the l
(green). (B and B′) Sal protein (yellow). (C and C′) Vg protein (magenta). (D and D
Phosphorylated (p-) Mad protein (cyan).stress-activated protein kinase that transmits various stressful
stimuli. The present study demonstrates that this JNK activation
stimulates the formation of ectopic folds in the columnar
epithelium along the A/P compartment boundary, in a manner
that is independent of the JNK-induced apoptosis.
The normal epithelial folding found in various imaginal discs
develops during the third instar larval stage, and creates a
boundary dividing the epithelium into areas with different gene
expression profiles. For example, it appears between the blade
and hinge regions in the wing disc, and between each primordial
segment in the leg, antenna and early embryonic ectoderm. It is
thought that such foldings create a new and narrower secondary
field for morphogenesis for later development (Kojima et al.,
2000). By contrast, several mutants causing abnormal morpho-
genesis develop ectopic epithelial folds, but the mechanism that
generates the ectopic folding and its biological significance are
still unknown.
We show here that an ectopic folding associated with omb
mutant wing disc is generated by hyperactivation of the Hheft, and dorsal is up. (A–F) Wild type. (A′–F′) ombbi. (A and A′) Omb protein
′) brk-GAL4 expression (blue). (E and E′) dad-lacZ expression (red). (F and F′)
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further demonstrated that the wing disc in the omb mutant also
shows a local overgrowth in the hinge region, which is
independent of JNK and apoptosis activities. This phenotype
is also the result of hyperactivated Hh signaling, but is not
regulated by N signaling as previously thought (del Alamo
Rodriguez et al., 2004).
These results suggest that the omb mutant may provide a
useful model to examine the signaling network causing
pathological folding and tumorigenesis in columnar epithelia.
In particular, the folding mechanism might be involved in the
gastrulation process found in the early development of various
metazoans in which T-box transcription factors and the
Hedgehog signaling pathway function.Materials and methods
Detection of cell proliferation
Cell proliferation was monitored by incorporation of 5-Bromo-2′-deoxyur-
idine (BrdU) or observation of phosphorylated Histone-H3. Incorporation of
BrdU was carried out as described (Rogulja and Irvine, 2005) using BrdU
(Sigma), anti-BrdU antibody (Becton Dickinson), and RNase-free DNase I
(Promega).
Detection of JNK activation and apoptosis
Caspase-3 plays a central role in many types of apoptosis, while JNK
affects a group of stress-inducible apoptosis systems (Cho and Choi, 2002;
Kanda and Miura, 2004). In the Drosophila larval wing disc, activation of
JNK usually links to activation of Caspase-3 (Adachi-Yamada and
O'Connor, 2002). Puc is a protein phosphatase that specifically inactivates
JNK, and its transcription is induced by JNK signal, thereby making a
negative-regulatory circuit (Martin-Blanco et al., 1998). Most of the endo-
genous and ectopic puc expression observed in this study was eliminated in
a mutant background of hep gene (Glise et al., 1995). Immunofluorescence
was carried out according to the standard procedure. The puc-lacZ ex-
pression was detected by mouse anti-β-Galactosidase antibody (Promega,
1:200 dilution) and Cy3-labelled anti-mouse Ig (Jackson ImmunoResearch,
1:200 dilution). The Anti-cleaved Caspase-3 antibody was purchased from
Cell Signaling Technology. It specifically recognizes the cleaved and acti-
vated forms of mammalian Caspase-3 and its Drosophila homolog Drice
(Yu et al., 2002).
Detection of cytoskeletal proteins
F-actin detection by TRITC-phalloidin (Sigma) and staining with anti-α-
Tubulin (Sigma) antibody were carried out as described (Gibson and Perrimon,
2005; Shen and Dahmann, 2005).Fig. 2. Ectopic folding and overgrowth in the wing disc of ombbi. (A) Wild type
divided by foldings (arrowheads) are indicated. (C) A ring-shaped folding (yell
expression of vg. (D and E) Simple ombbi hemizygote (D) and ombbi hemizygote he
arrowheads) and overgrowth around the anterior mesopleura region (yellow ellipse
ectopic folding similar to that in ombbi is found although overgrowth is not found (w
folding. (G) ombbi heterozygous for pucE69. F-actin (red) and alpha-Tubulin (cyan
confocal image of the boxed region in panel G. Images of other serial sections can
section shown in panels H and H′, respectively. (H) A X–Z section. The position o
overview of the cells organizing ectopic folding around the A/P and D/V boundaries
depicted in this cartoon. Apical surface of the columnar epithelium is up. Red
accumulation of F-actin and Tubulin, respectively. (J) Cell proliferation in wild ty
indicated. (K and K′) Cell proliferation in ombbi. K′ exhibits a high magnificatio
preferential incorporation of BrdU and frequent occurrence of pH3.Mosaic analysis
Mosaic analysis of ombbi by twin spot formation was performed as
previously described (Xu and Rubin, 1993), using FRT18A strain.
Microscopy
Most of the wing discs were observed by Leica fluorescence microscope
DMRAwith the deconvolution system Q550FW. Laser confocal analyses were
performed by Nikon Digital Eclipse C1.
Results
Ectopic folding and overgrowth are found in wing disc of omb
mutant
The molecular lesion of an omb allele ombbi is a deletion of
40 kb of regulatory DNA, downstream from the omb
transcription unit (Poeck et al., 1993). Accordingly the function
of Omb protein seems normal, but its expression level is known
to be reduced in the optic lobe. Similar reduction of Omb
protein level can be found also in the wing disc of ombbi (Fig.
1A′). This moderate omb expression causes some reduced
response to Dpp as found in expression of the wing-specific
Dpp signaling markers sal and vg (Figs. 1B′ and C′). However
we did not detect significant alteration in expression of the
general Dpp signaling markers such as brinker (brk) (Campbell
and Tomlinson, 1999; Jazwinska et al., 1999; Minami et al.,
1999), daughters against dpp (dad) (Tsuneizumi et al., 1997)
and the phosphorylated form of Mothers against dpp (p-Mad)
(Sekelsky et al., 1995; Tanimoto et al., 2000) (Figs. 1D′–F′),
which is consistent with the fact that omb is a tissue-specific
target of Dpp signaling.
In addition to altered responses to Dpp, the ombbi wing disc
shows an abnormal epithelial morphology. The epithelium of
normal wing disc in the third instar larval stage shows a couple
of elliptical foldings that morphologically divide the develop-
ing field of the wing into the blade and hinge regions for later
development. Consequently, the wing hinge occurs temporarily
as a circular belt-like region during the late third instar stage
(Fig. 2B). Consistently, when an ectopic wing blade region is
generated in the wing hinge region through ectopic expression
of the wing blade master gene vg, the cell population was
surrounded by an ectopic folding (Fig. 2C) (Liu et al., 2000). In
the wing discs of ombbi, an ectopic folding frequently arises
along the A/P boundary within the wing blade region (Figs.pattern of dpp (green) and omb (magenta). (B) The blade and hinge regions
ow arrowheads) around the ectopic wing blade region generated by ectopic
terozygous for pucE69 (E). An ectopic folding along the A/P boundary (yellow
) are indicated. (F) tkv7/tkv427 transheterozygote heterozygous for pucE69. An
hite ellipse). (G–I) Accumulation of cytoskeletal proteins in the cells along the
) images obtained by standard fluorescent microscope. (G′) A representative
be obtained from Fig. S1. Dashed lines X and Y indicate the planes of optical Z
f the ectopic folding is indicated by arrow. (H′) A Y–Z section. (I) Schematic
. The columnar and squamous epithelia are mediated by cubic cells that are not
painting and cyan dots in the columnar cells indicate strong and moderate
pe. BrdU incorporation (Magenta) and phospho-Histone H3 (pH3, Green) are
n of the boxed region in panel K. The anterior mesopleura region shows a
71M. Umemori et al. / Developmental Biology 308 (2007) 68–812D, E). The timing of its development is similar to that of
normal foldings found between the blade and hinge region.
Also, a local and disproportionate expansion of the epitheliumoccurs at the anterior mesopleura region in the hinge, due to
an elevated cell proliferation rate as shown by BrdU incor-
poration and histone H3 phosphorylation (Figs. 2D, J, K, K′).
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of the type I Dpp receptor Thick veins (Tkv) that normally
induces omb transcription, also displays a similar ectopic
folding but does not induce the overgrowth of anterior
mesopleura (Fig. 2F, also see Discussion). Furthermore, these
phenotypes are not found in the region with weak Dpp signal in
the normal wing disc. This indicates that they are not the direct
results of reduced Dpp signal and should correspond to a
requirement of omb independent of its effects on Dpp target
expression.
Folding formation is distinct from similar phenomenon, basal
extrusion
When tkv mutant clones are generated, they show a basal
shift of their vertical position in the epithelium (Gibson and
Perrimon, 2005; Shen and Dahmann, 2005). This phenom-
enon is referred to as basal extrusion. It has recently been
shown that the apical membrane of the cells that undergo
basal extrusion displays a reduced level of Tubulin accumula-
tion, whereas the level of F-actin shows a moderate increase.
Therefore we examined the levels of these cytoskeletal
proteins in the cells forming the epithelial folding. As
reconstituted from laser confocal sections (Figs. 2G, G′, H,
H′, I and S1) cells comprising the folding are arranged
radially from the basal center of the folding toward the
dorsoventral (D/V) axis (Y axis in Figs. 2H′, I), and from the
apical center toward the A/P axis (X axis in Figs. 2H, I). In
direct contrast to the basal extrusion, these cells showed a
remarkably higher accumulation of F-actin and a slight
elevation of Tubulin on both the apical and basal portions
of the epithelial cells. Thus, the two events with seemingly
similar cell motilities, folding formation and basal extrusion,
are distinct in regard to the molecular properties of their
cytoskeletal organization. Besides, it has generally been
established that apical constriction of the epithelial cells is a
common key to cause various invagination events including
the case of basal extrusion (Gibson and Perrimon, 2005;
Keller, 1981; Pilot and Lecuit, 2005; Schoenwolf and Franks,
1984). However, the disc folding in this case exhibits an
apparent shrinkage of the cell height, in addition to a
moderate constriction of the apical surface (Figs. 2H and S1),
the former of which may play a major role to generate the
folding.
Ectopic folding and overgrowth in omb mutant are not results
of apoptosis
It has been known that the wing disc of ombbi shows a severe
apoptosis phenotype (Figs. 3A–A″). To test whether the ectopic
folding and local overgrowth are caused by the apoptosis, we
tried to repress Caspase-3 (also known as Drice), a key protease
executing apoptosis, by forced expression of DIAP1 (Droso-
phila Inhibitor of Apoptosis Protein 1) (Hay et al., 1995; Yoo et
al., 2002). DIAP1 triggers degradation of Caspase through its
ubiquitin-protein ligase activity (Yoo et al., 2002). Although
most of Caspase-3 activity was eliminated, neither the ectopicfolding formation nor the expansion of the anterior mesopleura
were suppressed at all (Figs. 3B and B′). Thus, neither
phenotype is the result of cell death.
Linear array of JNK-active cells is required and sufficient for
ectopic folding formation
We next tried to repress JNK that has been known to be
activated in the ombbi wing and required for its apoptosis
(Adachi-Yamada et al., 1999). In a significant fraction of this
mutant, cells with highly activated JNK form a couple of rows at
either side of the furrow (Figs. 3A–A″), although the remainder
shows a patchy distribution at the wing tip primordium (Fig.
3C). When JNK was globally inactivated by mutation of hep, a
gene encoding a Drosophila homolog of mitogen-activated
protein kinase kinase (MKK)-7 that activates JNK (Glise et al.,
1995), the ectopic folding was suppressed completely while the
expansion of the anterior mesopleura was not affected (Fig. 3D).
When JNK is inactivated in the dorsal-half of the prospective
folding region through expression of UAS-dominant negative
JNK (JNKDN) by the dorsal-specific driver apterous (ap)-
GAL4, the dorsal folding was interrupted. This indicates that
linear array of the JNK-active cells is crucial for the folding
formation (Figs. 3E–E″). Furthermore, forced activation of JNK
through expression of constitutively-active-hep (hepCA) along
the A/P boundary by using patched (ptc)-GAL4 resulted in an
ectopic folding at the backbone of the ptc-expressing belt (Figs.
3F and F′). This is consistent with the observation that the cells
with the highest JNK activity are aligned at either side of the
furrow in ombbi (Fig. 3A′). Also when JNK activity was altered
between the dorsal and ventral compartment, we were able to
see an ectopic folding along the D/V boundary (Figs. S2E, E′
and F). These results suggest that a linear array of cells in which
JNK is activated is necessary and sufficient for the ectopic
folding formation.
Activation of Dlimk is required for ectopic folding in ombbi
We examined whether the ectopic folding formation in
ombbi is caused by elevated F-actin production. It is known
that activation of mammalian LIM kinase and its Drosophila
homolog Dlimk promote polymerization of Actin monomer
(Chen et al., 2004). Thus, we inhibited Dlimk activity in the
dorsal-half of the prospective folding region of ombbi
through forced expression of UAS-DlimkDN driven by ap-
GAL4. Consequently, the dorsal folding was interrupted,
indicating that Dlimk is required for the folding (Figs. 4A
and A′). We also tested ectopic activation of Dlimk through
overexpression of UAS-Dlimk+ driven by ptc-GAL4, and
found that Dlimk gave rise to a prominent folding along the
ptc-expressing region (Figs. 4B and B′). Thus, Actin
polymerization is necessary and sufficient for the folding
formation.
Interestingly, JNK activation was detected at and around
the cells where Dlimk was activated (Figs. 4B″, C–C″).
However, this JNK activation may be a secondary effect
caused by folding formation because a part of this JNK
Fig. 3. Ectopic folding formation in ombbi is caused by JNK activation. (A–A″) An example of ombbi showing a linear activation of JNK. JNK activity monitored by
puc-lacZ expression (magenta) and apoptosis detected by anti-cleaved Caspase-3 antibody (green) are displayed. The ectopic folding is indicated by yellow
arrowheads. (B and B′) When apoptosis is blocked by forced expression of UAS-DIAP1 using actin-GAL4, neither the ectopic folding nor the overgrowth in ombbi are
affected. Overgrown hinge is indicated by yellow ellipse. (C) An example of ombbi showing a patchy activation of JNK. (D) ombbi hepr75 double mutant. The ectopic
folding is completely suppressed (white arrowheads). (E–E″) Dominant negative JNK (JNKDN) is induced by ap-GAL4, expression of which is restricted to the dorsal
compartment (cyan), in the ombbi heterozygous for puc background. Panels E′ and E″ are high magnification images of the boxed region in panel E. The ectopic
folding along the A/P boundary is suppressed in the dorsal compartment (white arrowhead). (F and F′) Forced expression of activated Hep (hepCA) in ptc-expressing
region is sufficient for ectopic folding formation. The outline of the ptc-expressing region is occasionally distorted (magenta arrowhead). (G–G″) ombbi heterozygous
for puc with ap-GAL4 as a control for panels E–E″. Panels G′ and G″ are high magnification images of the boxed region in panel G.
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reported that JNK activation in embryonic ectodermal cells
leads to cell autonomous accumulation of F-actin (Homsy et
al., 2006). This suggests that JNK acts upstream of Actin
polymerization, although a feedback pathway from the folding
formation by F-actin to JNK may also be present.Hyperactivation of Hh signal is the key to induce ectopic
folding in ombbi
The location of the ectopic folding in ombbi wing disc
always coincides exactly with the A/P compartment boundary
(data not shown). This led us to consider that some cell
Fig. 4. Involvement of Dlimk in ectopic folding formation. (A and A′) The ectopic folding in ombbi (yellow arrowhead) is suppressed in the dorsal compartment where
dominant-negative Dlimk (DlimkDN) is induced by ap-GAL4 (green). (B–B″) Strong forced expression of Dlimk+ in the ptc-expressing region is sufficient for ectopic
folding formation (DAPI in grey), Actin polymerization (red), and JNK activation (magenta). (C–C″) Weak forced expression of Dlimk+. The ectopic foldings are
indicated by yellow arrowheads in panels C and C′. JNK activation is nonautonomous (yellow arrowheads in panel C″). ptc expression is shown in cyan. (D)
Nonautonomous apoptosis is often found distantly away from the ectopic folding by strong forced expression of Dlimk+.
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folding formation. Thus, we focused on the Hh signaling that
occurs in the vicinity of the A/P boundary. Indeed, as shown in
ombbi, the level of dpp expression, which indicates the
strength of Hh signal, is higher than that in wild type
(compare Fig. 5A with Fig. 2A), which is consistent with
previous observations in the omb null mutant omb3198 (del
Alamo Rodriguez et al., 2004). However, in the case of
omb3198, it was reported that the massive cell death causes the
expansion of the diffusion range of Hh. In contrast, in the case
of ombbi, cell death is not the primary cause of this high Hh
signal (Figs. 5B and B′). We further analyzed the mosaic
clones of ombbi to find Hh signal strength (Fig. 5C).
Accumulation of Ptc is known to be induced by higher levels
of the Hh signal, whereas that of Ci responds to more moderate
levels of the Hh signal (Aza-Blanc and Kornberg, 1999;
Motzny and Holmgren, 1995). As a result, the Ptc level was
significantly, and the Ci level was slightly elevated within the
ombbi clone. However the areas of both proteins expression
were unchanged. Thus the ombbi mutation elevates the Hh
signal intensity in a cell autonomous manner without affecting
the diffusion range of Hh.
We thus inferred that a negative feedback loop from the
Dpp signaling pathway to the Hh signaling pathway exists and
Omb mediates between the both pathways. To test these, we
first activated the Dpp receptor Tkv, which normally actsupstream of omb, in the dorsal compartment (Figs. 5D and
D′). The result shows a clear downregulation of dpp
expression in the dorsal compartment, indicating that the
negative feedback loop between the two signaling pathways is
certainly present. However, when Tkv was activated similarly
but in the ombbi background, it failed to repress dpp ex-
pression (Figs. 5E and E′). Therefore omb takes a responsi-
bility for this negative feedback. Consistently, ectopic
expression of omb reduces dpp expression (Figs. 5F and F′).
Taken together, Omb plays an indispensable role in the
negative feedback loop between the Dpp and Hh signals.
Therefore we next tested whether the hyperactivation of Hh
signaling by defect of this negative feedback in the ombbi
causes the ectopic folding formation along the A/P boundary. In
the ombbi background, the hyperactivated Hh signaling was
attenuated by reducing gene dosage of hh or its activator en-
grailed (en), or by combining with a hypomorphic mutant for
fused (fu), which encodes an Hh signal transducer (Preat et
al., 1990). Consequently, the ectopic folding was suppressed in
all cases, indicating that the hyperactivation of the Hh signal
causes this ectopic folding (Figs. 5G–I). In addition, elevation
of the Hh signal through forced overexpression of hh also
generated a similar ectopic folding accompanied with JNK
activation (Figs. 5J–J″). Thus, we conclude that the hyper-
activation of the Hh signal induces the ectopic folding through
activation of JNK.
Fig. 5. The ectopic folding in ombbi is caused by elevation of the Hh signal. (A) An elevated expression of dpp (magenta) in ombbi. (B and B′) The elevated dpp
expression is not suppressed in the dorsal compartment (green) where apoptosis (Caspase-3 in cyan) of ombbi is blocked by ap-driven DIAP1. (C) A mosaic clone of
ombbi (loss of green). The levels of Ptc (magenta) and Ci (cyan) are elevated interior of the ombbi clone. (D and D′) Activation of the Dpp signal in the dorsal
compartment (green) represses dpp-lacZ expression (magenta). Compare the width of dpp-expressing belt in each compartment arrowheads in cyan. (E and E′)
Activation of Dpp signal in ombbi background does not repress dpp-lacZ expression. (F and F′) Overexpression of omb (green) represses dpp-lacZ expression (cyan
arrowheads). (G–H) Reduction of the Hh signal in ombbi suppresses the ectopic folding (white arrowheads). ombbi hemizygote doubly heterozygous for pucE69 and
hhGAL4 (G). ombbi hemizygote doubly heterozygous for pucE69 and en7 (H). ombbi and fu1 double hemizygote (I). (J–J″) Overexpression of hh by hh-GAL4. An initial
folding (yellow arrowheads in panel J) arises at the A/P boundary as recognized by Ci (cyan in panel J′). JNK is also activated along the folding (magenta in panel J″).
75M. Umemori et al. / Developmental Biology 308 (2007) 68–81
76 M. Umemori et al. / Developmental Biology 308 (2007) 68–81
77M. Umemori et al. / Developmental Biology 308 (2007) 68–81Locally activated growth of hinge in ombbi is not due to ectopic
N activation
It has been reported that the ectopic cell proliferation in the
anterior mesopleura found in an omb null allele omb3198 is due
to an ectopic Notch activation triggered by ectopic expression
of dorsal region-specifying gene ap (del Alamo Rodriguez et
al., 2004). Therefore, we tried to confirm whether ectopic ap is
involved also in the case of ombbi (Fig. S3). In contrast to the
observation in omb3198, the ombbi did not show any ectopic
expression of ap (Fig. S3C), although the overgrowth of the
anterior mesopleura was prominent. This result indicates that
the ectopic cell proliferation of the anterior mesopleura in the
ombbi is not due to the ectopic activation of Notch signaling. In
fact, knockdown of N by inducible RNAi (Presente et al., 2002)
in ombbi did not show any effect on overgrowth of the anterior
mesopleura (Fig. S3D). Activation of N by UAS-Nintra was able
to induce a prominent expansion of the anterior mesopleura
(Fig. S3F). However, the overgrown region caused by activated
N does not show GFP expression, which should be induced by
GAL4 together with Nintra, suggesting that the Nintra-induced
overgrowth is non-cell autonomous (Fig. S3F). Also, knock-
down of N by RNAi did not lead to any alteration in shape of
the wild type hinge (Fig. S3E), suggesting that N does not
regulate the proliferation of the anterior mesopleura cells also
under normal condition.
Growth of the anterior mesopleura is regulated by Hh but not
Dpp and Wg
In contrast to extensive knowledge about the blade cell
proliferation, little is known about mechanisms controlling the
hinge cell proliferation. To examine which pathways are
involved in regulation of the hinge cell proliferation, various
cell signalings were altered in the wing hinge by using a hinge-
specific GAL4 driver 30A (Brand and Perrimon, 1993). To our
surprise, ectopic or elevated signals of Dpp and Wg, both of
which tightly regulate the blade cell proliferation (Johnston
and Edgar, 1998; Johnston and Sanders, 2003; Martin-
Castellanos and Edgar, 2002; Rogulja and Irvine, 2005),
did not significantly affect the cell proliferation around the
anterior mesopleura (Fig. S4). Exceptionally, an elevated Wg
signal only stimulated growth of the limited region of the
dorsocentral hinge (arrow in Fig. S4F). In contrast, an ectopic
Hh signal resulted in an expansion of the anterior mesopleura
(Fig. 6B), whereas decreasing the Hh signal by expressing Ptc,
a repressor of the Hh signal, caused a slight shrinkage of thisFig. 6. Hh regulates growth of anterior mesopleura. (A) Wild type control with UAS
indicated by white ellipse. (B–D) 30A-GAL4-driven expression of UAS-hh (B and B
anterior mesopleura is indicated by yellow ellipse. In panel B′, counterstain for β-Gal
hinge region. (E–E″) Anterior mesopleura in wild type stained for Ci accumulation (c
ptc is expressed with approximately 10 cells width indicated by white bar. (F–F″) A
(white bar). (G) Hinge region in ombbi is visualized by UAS-GFP with 30A-GAL4. (H
overgrowth of the anterior mesopleura (white ellipse). (I) Statistical assessment of th
outline (a, yellow dotted line) is divided by length of the blade-hinge boundary (b,
Vertical bars denote standard deviation (0.01 in ombbi, and 0.02 in ombbi+ptc). (J) D
enhanced (yellow ellipse).region (Fig. 6D). Although an ectopic Hh signal in the hinge
induces ectopic dpp expression (Fig. 6B′) as seen in other
wing regions, this ectopic Dpp signaling does not significantly
contribute to the proliferation of the anterior mesopleura.
Because, activation of an Hh signal together with inactivation
of a Dpp signal through coexpression of Hh and Brk still
shows overgrowth of the anterior mesopleura (Fig. 6C). In
conclusion, elevated Hh may directly stimulate the growth of
the anterior mesopleura.
Overgrowth of the anterior mesopleura in ombbi is caused by
elevated Hh signaling
Hh-induced expansion of the hinge region similar to the
ombbi phenotype led us to predict that the Hh signal is
hyperactivated in the hinge in ombbi. We thus monitored the
patched (ptc)-lacZ expression and Ci accumulation (Figs. 6E
and F), which are indicative of Hh signal strength as mentioned
above. As expected, the ptc-lacZ expression was expanded
around the anterior mesopleura region in ombbi (Fig. 6F′),
indicating that omb represses the Hh signal in this area in wild
type. On the other hand, the area with Ci accumulation did not
expand in ombbi, suggesting that the omb mutation does not
enlarge the diffusion range of Hh, but rather sensitizes the wing
cells to Hh signaling as in the case of the wing blade. As a result,
cells presumably show a steeper slope of gradient in Hh
signaling activity.
We next tried to suppress this hyperactivated Hh signal by
expressing Ptc (Fig. 6H). When ptc was overexpressed in the
hinge in ombbi by 30A-GAL4, the overgrowth of the anterior
mesopleura was suppressed to normal levels, a change that was
statistically significant (Fig. 6I). Furthermore, the ombbi ptcAT96
double mutant in which Hh signaling is doubly hyperactivated
showed a drastic enhancement of the growth of the anterior
mesopleura (Fig. 6J). Thus, it was considered that the omb
mutation enhances the Hh signal that induces overgrowth in
the case of the anterior mesopleura region.
Discussion
Etiology of folding formation
Folding of the epithelium composed of the columnar cells in
various imaginal discs generally appears at the boundary
between two areas with prominently different developmental
fates. Most of these foldings develop during the third instar
larval stage in which unique profiles of gene expression are-GFP (green) driven by 30A-GAL4. The normally sized anterior mesopleura is
′), UAS-hh+UAS-brk (C), or UAS-ptc (D). In panels B and C, overgrowth in the
actosidase shows ectopic dpp-lacZ expression (magenta) throughout the anterior
yan) and ptc-lacZ expression (magenta). At the edge of the anterior mesopleura,
nterior mesopleura in ombbi. ptc is expressed with approximately 20 cells width
) Forced expression of ptc by 30A-GAL4 in ombbi results in suppression of the
e hinge overgrowth. As shown in the inset photograph, the length of the hinge
orange dotted line). Increase of the ratio indicates growth of the hinge region.
ouble mutant for ombbi and ptcAT96. Overgrowth in the anterior mesopleura is
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when the cell fate of the wing hinge was transformed to the
wing blade by ectopic expression of vg, the cell population was
actually encircled by ectopic folding (Liu et al., 2000) (Figs. 2C
and S2D–D″). On the other hand, the ectopic folding has long
been known in mutants showing overgrowth phenotype (Bryant
and Levinson, 1985) (Fig. S2). When cells proliferate
excessively, the epithelium is compelled to fold to hold
supernumerary cells. Based on extensive experience, we
know that such normal folding and abnormal folding due to
overproliferation do not require cell death and JNK activity. In
contrast, massive apoptosis in the wing disc occasionally gives
rise to some ectopic foldings as shown in lace, a mutant with
defective biosynthesis of sphingolipid (Fig. S2B). In this case,
ectopic foldings are completely suppressed by inhibiting
apoptosis (Fig. S2C) or JNK. However, in the case of ombbi,
the ectopic folding was not affected even when most of cell
death is inhibited (Fig. 3B), although it was strongly dependent
on JNK (Fig. 3D). Therefore, we can categorize folding
formation into at least four types as described below, in regard
to correlation with apoptosis and JNK activation. First; normal
folding between the two areas with different properties in gene
expression profiles without relation to apoptosis and JNK.
Second; ectopic folding as a result of overproliferation without
relation to apoptosis and JNK (e.g. activated ras shown in Fig.
S2A). Third; ectopic folding as a result of massive apoptosis
with involvement of JNK (e.g. lace shown in Fig. S2B). Fourth;
ectopic folding as a result of abnormal morphogenetic signals,
which is independent of cell death but dependent on JNK
activity (e.g. tkv, omb).
Relationship between folding formation and basal cell
extrusion
As stated in the Results section, clones with cells mutant for
tkv manifest basal extrusion from the planar layer of columnar
epithelium (Gibson and Perrimon, 2005; Shen and Dahmann,
2005). This phenomenon resembles the ectopic folding in omb
or tkvmutants shown here with respect to the downward motion
of the cell population. However, we currently propose that both
phenomena are regulated by different mechanisms based on the
following three lines of evidence. First, the basal extrusion
occurs within a whole population of the mutant cells with
apparent differences in intensity of Dpp signaling from that of
surrounding cells. By contrast, normal and ectopic folding occur
at the boundary between the two cell populations with clearly
different properties in gene expression profiles. Second, in the
case of basal extrusion, downregulation of Tubulin level has
been thought to be crucial for the cell motility. However, ombbi
(Fig. 2G′) and tkv (data not shown) mutants rather showed a
moderate accumulation of Tubulin and a large accumulation of
F-actin at both the apical and basal portion of the cells
comprising the folding. Consistently, the apical Tubulin level
paralleled the Dpp signal strength, whereas the apical F-actin
accumulation seemed to be independent of it. Finally, the basal
extrusion did not require JNK activity (Shen and Dahmann,
2005) although the ectopic folding formation did. Althoughthere remains a possibility that the basal extrusion requires JNK
activity outside of the mutant cell population, the difference in
requirement for autonomous JNK activity makes a sharp
contrast between the two phenomena. Based on these observa-
tions, the basal extrusion and ectopic folding formation are
similar events, but are likely controlled by different molecular
mechanisms.
Folding formation as a trigger of apoptosis
Since fu mutation has been known to suppress both the JNK
and apoptosis in omb mutants (Adachi-Yamada and O'Connor,
2002), the fact that fu suppresses ectopic folding (Fig. 5I) led us
to make a prediction that the folding formation is a trigger for
the apoptosis. It is hard to address this question at present
because we cannot simply prevent the folding formation
without decreasing JNK or Hh activities, both of which
stimulate apoptosis. Also in the case using DlimkDN, it induces
a different cell death by loss of F-actin (data not shown).
However, small mosaic clones overexpressing ptc which
represses Hh signaling did not suppress Caspase-3 activation
found in ombbi (data not shown), suggesting that the intensity of
the Hh signal does not directly regulate apoptosis. Thus, we
currently hypothesize a sequential reaction in which reduced
Dpp response elicits the hyperactivation of the Hh signal that
activates JNK for ectopic folding formation at the A/P
boundary, followed by the apoptosis in the vicinity of the
folding. The folding formation might cause a tension which
propagates mechanical force to the surrounding cells to lead to
apoptotic fate (Fig. 4D). Although apoptosis induction by
Dlimk activation was also reported before (Chen et al., 2004),
its cell autonomy has remained unclarified. We here showed
that the elevation of F-actin level followed by epithelial folding
formation induces nonautonomous apoptosis probably as a
result of secondary effect like mechanical stress. On the other
hand, since the apoptosis of the ombbi wing disc can be detected
in earlier stages before the folding formation, additional causes
of apoptosis may exist other than such mechanical stress.
Contribution of Hh signal to the anterior mesopleura growth
It has been reported that overgrowth in the anterior
mesopleura found in the omb null allele omb3198 may be
explained by ectopic N activation that is a secondary effect of
massive apoptosis (del Alamo Rodriguez et al., 2004). Indeed,
when apoptosis was inhibited by overexpressing puc, the
overgrowth seemed to be suppressed (del Alamo Rodriguez et
al., 2004). However, omb directly regulating growth of the
anterior mesopleura region has not been ruled out. Thus, we
tested inhibition of JNK by hep mutation and inhibition of
apoptosis by DIAP1 expression in a milder allele ombbi in
which ectopic N activation is not induced as it is in omb3198.
Our results showed that ombbi mutation induced the overgrowth
of the anterior mesopleura irrespective of JNK and apoptosis,
suggesting that Omb more directly plays a role in repression of
growth of this region in wild type. We further demonstrated that
hyperactivation of the Hh signal is responsible for this
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promote progression of cell cycle from G1 to S phase (Duman-
Scheel et al., 2002; Torii et al., 2006). Similar effects may also
be involved in the overgrowth in omb3198 where ectopic N
activation simultaneously enhances the overgrowth. The fact
that a phenomenon that can not simply be explained by
reduction of a morphogen response is the result of abnormal
feedback that links to upstream signaling may be widely
applicable (Fig. 7A).
Presumptive Omb-antagonist acts in growth regulation of
anterior mesopleura
It is interesting that the same mutation ombbi exhibits the two
distinct phenotypes: ectopic folding in the wing blade region
and overgrowth in the anterior mesopleura region. However,
when the Dpp signal that normally induces omb expression is
inactivated, such as by a tkv mutation (Fig. 2F) or forced
expression of brk in the omb-expressing region (data not
shown), the wing blade shows a similar ectopic folding but the
anterior mesopleura does not show significant change in its
shape. This led us to infer that some presumptive factor(s), that
is activated by the Dpp signal but antagonizes Omb, functions
in regulation of growth of the anterior mesopleura (Fig. 7B).
Probably a balance between Omb and this hypothetical
antagonist creates the proper size of this region. Although we
have not identified such factor(s), they might be identified
through screening mutants showing suppression of anterior
mesopleura size under the ombbi mutant background.
Possible relationship with various tissue remodeling in other
organisms
Together with previous and present studies, it has been
revealed that loss of the Drosophila T-box gene omb fails to
respond to Dpp appropriately but hyperactivates the Hh signalFig. 7. Pathways inducing the ectopic folding and overgrowth in ombbi. During norm
signaling. (A) Hyperactivation of the Hh signal leads to JNK activation followed by D
activated downstream of brk and antagonizes omb in regulation of growth of the anter
anterior mesopleura without mediating Dpp signaling.in the wing disc. Besides, the expression of omb has also been
known to be regulated by Wg (Grimm and Pflugfelder, 1996),
another morphogen in the wing. Also in the eye disc, omb is
expressed in response to Wg. Wg is often induced by an Hh
signal such as during the embryonic segmentation process and
the ventral leg development. Thus, it has been established that
these morphogenetic signals mutually influence in a tissue-
specific manner. In the case of Omb, it confines their signal
levels, thereby affecting the interaction between the mor-
phogens. Also in mammals, T-box factors Tbx-3 and -5, that are
crucial for the limb morphogenesis (Packham and Brook,
2003), respond to BMP2/4 and Sonic hedgehog (Tumpel et al.,
2002), each of which mutually influences the other's signaling.
One interesting phenomenon concerning the wing disc
folding is the invagination at the gastrula stage embryo found in
a wide variety of metazoans. Invagination of the archenteron is
a typical folding of the columnar or cuboidal epithelia and has
been known to be affected by T-box genes as well as by local
signaling with the above three families of extracellular ligands
(Holland, 2002). For example, the echinoderm T-box gene T-
brain which is expressed around the blastopore in response to
Wnt signaling is required for gastrulation (Fuchikami et al.,
2002; Shoguchi et al., 2000).
However, the region in which T-brain is expressed is rather
broad, while the bending point of the invaginated epithelium is
quite localized. Injection of RNA of Xombi, the Xenopus
ortholog of omb, into the four-cell stage embryo consistently
results in formation of only a single ectopic blastopore (Lustig
et al., 1996). These findings raise a question of why the
restricted bending point is generated on the epithelium,
although the extracellular ligands are diffusible and expression
of the regulatory genes is continuous throughout the local
epithelium. We propose that loss or gain of T-box modifies the
intensities of the morphogenetic signaling locally and helps to
create a border between two areas with abrupt differences in
gene expression profiles. Such discontinuities may trigger actinal development, omb acts downstream of Dpp and reduces the intensity of Hh
limk activation that causes the blade folding. (B) A hypothetical factor X is also
ior mesopleura. Hyperactivated Hh signal directly induces the overgrowth of the
80 M. Umemori et al. / Developmental Biology 308 (2007) 68–81polymerization followed by invagination in the proximity of the
blastopore, as is the case of the wing disc actin polymerization
at the A/P boundary.
Another remarkable human phenomenon where T-box is
involved is a breast cancer caused by multiplication of the
Tbx-2 gene copies (Rowley et al., 2004). As is the case of
Omb action, this hyperactivation of Tbx-2 may affect the
network control including Hh and other morphogenetic
signaling, and modify these signal strength. The sporadic
acti!vation of Hh signaling by reduced ptc function has also
been known to cause basal cell carcinoma, as seen in
Gorlin's syndrome. Even in the endogenous Hh, its activity is
involved in many kinds of digestive tract tumors (Berman et
al., 2003) which arise from the columnar epithelia. Thus the
overgrowth of the anterior mesopleura induced by endogen-
ous Hh in the Drosophila omb mutant would be a useful
model to search for the transcriptional target that leads to Hh-
responsive local tumorigenesis of the columnar epithelial
tissues. Examination of the T-box function in cell prolifera-
tion may be one of the next specific foci of this model.
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